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Abstract— In this study, the real and imaginary parts of the 
complex permittivity of PZT ferroelectric thin films are studied 
in the frequency range of 100 Hz – 100 MHz. The permittivity is 
well fitted by the Cole-Cole model. The variation of the relaxation 
time with temperature is described by the Arrhenius law and an 
activation energy of 0.38 eV is found. Due to its nonlinear 
character, the dielectric response of the ferroelectric sample 
depends on the amplitude of the applied ac electric field. The 
permittivity is composed of three different contributions: the first 
is due to intrinsic lattice, the second to domain wall vibrations 
and the third to domain wall jumps between pinning centers. The 
last one depends on the electric field so it is important to control 
the field amplitude to obtain the desired values of permittivity 
and tunability. 
Dielectric permittivity, Cole-Cole approach, domain walls, 
temperature effects, hyperbolic law. 
I.  INTRODUCTION  
More recently, functional ferroelectric thin films have 
shown a growing interest for telecommunication applications. 
The tunability of the dielectric constant under an applied 
electric field allows realizing of intelligent devices. However, 
the use of these materials is at present limiting because they 
present relatively high dielectric losses and a too low tunability. 
Thus a better understanding of the ferroelectric dielectric 
characteristics is still required. 
In practical devices, the ferroelectric thin films are often 
used in a metal – insulator – metal geometry (MIM structure). 
Hence we have chosen chemical solution deposition (CSD) for 
an elaboration of the films on stainless steel substrates. 
Dielectric measurements were performed with an Agilent 
4294A impedance analyzer. The relative permittivity and the 
losses were obtained in the 100 Hz – 100 MHz frequency range 
at temperatures varying from ambient temperature to 250°C. 
The real and the imaginary part of the permittivity were 
deduced and modeled using a Cole-Cole approach. The effects 
of temperature and of the amplitude of the ac electric field on 
the permittivity are studied. This allows us determination of the 
parameters which have a main influence on the tunability of the 
ferroelectric material. 
II. EXPERIMENTAL PROCEDURE 
The Pb(Zr0.43Ti0.57)O3 thin films (PZT 43/57) were realized 
by a modified sol-gel process based on the use of an alkoxide 
precursor. The lead acetate Pb(OOCCH3)2 is dissolved in acetic 
acid CH3COOH and the solution is heated at 100°C until 
complete dissolution. The solution is then cooled down at room 
temperature before the addition of the zirconium and the 
titanium n-propoxides which are mixed with a molar ratio of 
43/57. Ethylene glycol HO-CH2-CH2-OH is added in order to 
retain the mobility of the atoms and significantly reduces the 
appearance of cracks in the film [1]. Moreover, addition of 
ethylene glycol stabilizes the solution and prevents from 
precipitation [2]. Solution is then filtrated and deposited by 
spin coating at 4000 rpm during 20 sec on stainless steel 
substrates (AISI 304) and the samples are annealed during 2 
min in a pre-heated open air furnace at 650°C. Multiple spin-
coating was used when thicker PZT layers are desired. 
The samples were characterized (thickness and surface of 
the films) by scanning electron microscopy (SEM) (Jeol 6400) 
and the crystallinity is determined by X-ray diffraction 
(Siemens D5000). The samples that crystallized in the 
tetragonal phase, present a polycristalline structure with grains 
having an average diameter of 90 nm. The measured thickness 
e is 1 µm. Square gold electrodes of 0.5 mm larger (surface  
S = 0.25 mm2) were evaporated through a shadow mask on the 
films in order to form metal-ferroelectric-metal capacitors in a 
parallel-plate structure. 
The P-E hysteresis loops (figure 1) were measured using a 
classic Sawyer-Tower circuit  to verify the polarization state of 
the sample. The remanente polarization Pr is equal to  
0.25 µC·cm-2 while the value of the coercitive field is  
Ec = 95 kV·cm-1.  
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Figure 1. P-E hysteresis loops of PZT 43/57 at 300 K. 
We also measure the ε’-E loop in order to determine the 
tunability of the material (figure 2). For that, we use the classic 
definition [3] 
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where ε'(0) and ε'(Ebias) are the permittivity without and under 
the bias electric field Ebias. The samples present here a 
tunability of 42.1 %. 
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Figure 2. Butterfly ε-E loops of PZT 43/57 at 300 K. 
The capacitance C and the dielectric loss factor (tan δ) were 
measured using an impedancemeter (Agilent 4294A) with a low 
ac field Eexc on 100 Hz - 100 MHz domain frequencies. The 
real and imaginary parts of the permittivity (ε' and ε" 
respectively) are calculated with 
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ε0 is the permittivity of free space. 
III. RESULTS AND DISCUSSIONS 
A first series of measurements allows us to obtain the real 
part ε' and imaginary part ε" of the permittivity as a function of 
the frequency at different temperatures. Results are reported on 
figure 3. A relaxation is observed on the frequency domain 
studied and is attributed to the domain wall movements [4]. 
Under the influence of the electric field, domain walls can 
either vibrate around their equilibrium position (pinning 
centers) or jump from a center to another. The relaxation time τ 
is defined by τ = 1/ω0 where ω0 is the pulsation for which ε"(ω) 
is maximum (or for which ε'(ω) admits an inflection point). His 
relaxation time increases with temperature and the values of εs 
and ε∞ ( ( )
0
lims
ω
ε ε ω
→
′= , ( )lim
ω
ε ε ω
∞
→∞
′= ) also increase. At 
low frequencies, diffusion process appears for the highest 
values of T. Generally, one can write [5] 
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Figure 3. Evolution of ε' (top) and of ε" (bottom) as a function  
of the angular frequency ω and of the temperature T. 
where Δε = εs - ε∞. g(τ) is the distribution of the relaxation time 
which is specific to studied relaxation. Generally, it is 
impossible to obtain g(τ) only from the knowledge of ε'(ω) and 
ε"(ω). 
Figure 4 the Argand diagram, one realizes that data are well 
approximated by a Cole-Cole arc. In the Cole-Cole theory, the 
complex permittivity is done by (p = ωτ) [6] 
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with β a dispersion parameter which accounts for the width of 
the distribution of the relaxation time (β = 0 correspond to a 
single relaxation time, i.e. Debye formalism). 
250 300 350 400 450 500 550 600 650
0
10
20
30
40
50
60
70
80
 300 K
 320 K
 340 K
 360 K
 380 K
 400 K
 420 K
 
ε r
"
εr'
T
Figure 4. Evolution of the Argand diagram for several temperatures. For a 
better visibility of the figure, scales are not identical on the two axes. 
This can be also expressed by 
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Parameters ε∞, Δε, τ and β are determined by fitting curves 
of figure 3 with equations (5). We found that ε∞ follows a 
Curie-Weiss law (TC = 770 K) while Δε does not depend on the 
temperature (figure 5). Thus εs also follows a Curie-Weiss law 
as awaited for ferroelectric materials. 
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Figure 5. Variation of εs, ε∞ and Δε  with temperature. 
As shown on figure 6, the relaxation time τ obeys to an 
Arrhenius law which corresponds to a thermally activated 
process 
 0 exp
a
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τ τ
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. (6) 
Ea is the activation energy and equals here to 0.38 eV. We 
found also τ0 = 12.6 ps and 1/τ0 well corresponds to the phonon 
vibration frequency. kB is the Boltzmann constant. 
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Figure 6. Variation of τ as a function of temperature. 
On the temperature domain studied here, β seems to have a 
linear dependence with temperature (figure 7), decreasing when 
T increases. However, it is difficult to interpret this result 
because β has not a direct physical signification. 
As already mentioned, the movement of domain walls 
under the influence of a low ac electric field Eexc can 
corresponds either to a vibration around the equilibrium 
position, or to a jump towards another equilibrium position. For 
the permittivity, that results in the hyperbolic law [7] 
 2 2 2 2 2bulk rev irrev bulk rev excEε ε ε ε ε ε α= + + = + + . (7) 
εbulk is the permittivity due to intrinsic lattice contributions, 
εrev the dielectric constant related to domain walls vibrations 
which correspond to a reversible process [8]. The parameter α 
represents domain walls pinning and is related to an 
irreversible modification of the local polarization [9]. Both 
parameters depend on the crystal structure, but α also reflects 
the presence of impurities, dopants or defects [8]. This law is 
only valid if Eexc < EC/2 (= 45 kV·cm-1here) [7-8]. 
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Figure 7. Variation of ε’ as a function of ω for two values of Eexc. 
In a second series, the temperature is fixed at 300 K and ε' 
and ε" are measured for two values of Eexc, 1 kV·cm-1 and  
9 kV·cm-1 (figure 7). The field effect is only perceptible at low 
frequencies and in particular, fits show that ε∞ is independent 
of Eexc. Consequently, for ω >> 1/τ, domain walls do not jump 
any more. 
We have also measured the variations of ε' and ε" as the 
function of field Eexc at various frequencies (1, 10, 100 and 
1000 kHz) and plot the Argand diagrams for the different 
contributions to the permittivity (bulk, reversible and 
irreversible). Results are reported on figure 8. 
It is noticed that each contribution to the permittivity is 
described by a Cole-Cole law with a very different dispersion 
parameter β. On a Argand diagram, the relaxation time is 
obtained by the frequency which corresponds to the maximum 
of ε". The values of τ estimated by this way for each 
contribution are practically the same excepted for the 
irreversible contribution. In this last case, a wall jumping from 
a site to another is difficult to realize and the relaxation time is 
very large. In both other cases, there are always some dipole 
vibrations, either in the domain wall or in the lattice. Thus, the 
relaxation times of bulk and reversible contributions are 
similar. 
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Figure 8. Argand diagram for the bulk (top), the reversible (middle) and 
irreversible (bottom) contributions. 
To finish, we plot the tunability of the sample as a function 
of Eexc (figure 9). It seems interesting to work with the greatest 
amplitude of Eexc. However, losses also increase with the field 
amplitude [4]. We can then define a figure of merit by 
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Tunability. . .
tan
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On figure 9, we see that the F.O.M. decrease when the field 
amplitude Eexc increases. The losses increase more quickly than 
the real permittivity. So, to have a better compromise between 
the tunability and the losses, it thus appears preferable to work 
with an electric field of low amplitude. 
IV. CONCLUSIONS 
The study of PZT 43/57 shows that the permittivity is 
correctly described by the Cole-Cole model. The relaxation 
time is done by the Arrhenius law corresponding to a thermally 
activated process with an activation energy equals to 0.38 eV. 
The hyperbolic law shows that permittivity has three different 
contributions. The contribution associated with the domain wall 
jumps depends on the amplitude of the applied ac electric field. 
Thus, for devices including ferroelectric thin films, it is 
important to control this parameter. The values of the 
permittivity and tenability are significantly influences by the 
electric field. Because of the dielectric losses which also grow 
with the field, it is advised to use a reconfigurable device with 
a field amplitude the weakest possible. 
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Figure 9. Tunability (Top) and Figure Of Merit (bottom) as a function of Eexc. 
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